As the number of sequenced genomes from diverse walks of life rapidly increases, phylogenetic analysis is entering a new era: reconstruction of the evolutionary history of organisms on the basis of full-scale comparison of their genomes. In addition to brute force, genome-wide analysis of alignments, rare genomic changes (RGCs) that are thought to comprise derived shared characters of individual clades are increasingly used in genome-wide phylogenetic studies. We propose a new type of RGCs designated RGC_CAMs (after Conserved Amino acids-Multiple substitutions), which are inferred using a genome-scale analysis of protein and underlying nucleotide sequence alignments. The RGC_CAM approach utilizes amino acid residues conserved in major eukaryotic lineages, with the exception of a few species comprising a putative clade, and selects for phylogenetic inference only those amino acid replacements that require 2 or 3 nucleotide substitutions, in order to reduce homoplasy. The RGC_CAM analysis was combined with a procedure for rigorous statistical testing of competing phylogenetic hypotheses. The RGC_CAM method is shown to be robust to branch length differences and taxon sampling. When applied to animal phylogeny, the RGC_CAM approach strongly supports the coelomate clade that unites chordates with arthropods as opposed to the ecdysozoan (molting animals) clade. This conclusion runs against the view of animal evolution that is currently prevailing in the evo-devo community. The final solution to the coelomateecdysozoa controversy will require a much larger set of complete genome sequences representing diverse animal taxa. It is expected that RGC_CAM and other RGC-based methods will be crucial for these future, definitive phylogenetic studies.
Introduction
The genomic era brought about the opportunity to expand phylogenetic analysis to the whole-genome scale, substantially increasing its resolution power. Most often, this involves construction of phylogenetic trees from concatenated alignments of numerous genes but other types of genomic markers, such as gene composition, gene order, and protein domain combinations, have been employed as well (Wolf et al. 2002; Snel et al. 2005 ). Analysis of rare genomic changes (RGCs) that have occurred in genomes of specific clades is often considered a particularly promising avenue of phylogenetic study (Rokas and Holland 2000; Nei and Kumar 2001; Delsuc et al. 2005; Boore 2006 ). The RGCs are, essentially, genomic equivalents of shared derived characters (''Hennigian'' markers) that form the basis of classical cladistics (Hennig 1950; Rokas and Holland 2000; Boore 2006 ). Examples of RGCs include retroposon integrations, insertions and deletions (indels) of introns and large protein segments, evolutionary conserved motifs in proteins, protein domain fusions, changes in gene order, and genetic code variants (Venkatesh et al. 1999; Rokas and Holland 2000; Nei and Kumar 2001; Shedlock et al. 2004) . Most RGCs represent changes caused by single (or a few) rare mutational events. In a variety of studies, RGCs have been mapped onto existing phylogenies to gain insight into their mode of evolution or, conversely, were employed to infer phylogenetic trees, typically, by using maximum parsimony (MP) (Nikaido et al. 1999; Rokas and Holland 2000; Nei and Kumar 2001; Boore 2006) . The emerging consensus seems to be that RGCs often are phylogenetically informative. In cases where sequence data generate conflicting or equivocal results, RGCs offer an independent way of evaluating alternative phylogenies.
Notably, RGC analysis has been recently used to propose substantial revisions of the deep branchings of evolutionary trees for both eukaryotes Cavalier-Smith 2002, 2003) and prokaryotes (Iyer et al. 2004 ). However, systematic identification of RGCs is a major challenge.
We propose a new type of RGC (designated RGC_CAMs after Conserved Amino acid-Multiple substitutions) that are inferred by genome-scale analysis of protein sequence alignments and used them to address the coelomate-ecdysozoa controversy, a notorious open problem in animal phylogeny. The traditional, ''textbook'' tree topology, originally based on the data of comparative anatomy, includes a clade of animals with a true body cavity (coelomates, such as arthropods and chordates), whereas animals that have a pseudocoelom, such as nematodes, and those without a coelome, such as flatworms, occupy more basal positions in the tree (e.g., Brusca RC and Brusca GJ 1990; Raff 1996) . The coelomate topology reverberates with the straightforward notions of the hierarchy of morphological and physiological complexity among the considered organisms, which is the main reason why this phylogeny had been accepted since the time of Ernst Haeckel (1866) . Early molecular phylogenetic analyses of 18S rRNA supported the monophyly of the coelomates (Field et al. 1988; Turbeville et al. 1991) . However, a seminal work of Lake and coworkers reported phylogenetic analysis of 18S rRNAs from a much larger set of animal species and arrived at a new tree topology that clustered arthropods and nematodes in a clade of molting animals termed the Ecdysozoa (Aguinaldo et al. 1997) . The ecdysozoan topology was recovered only when certain species of nematodes, which apparently have evolved slowly, were included in the analyzed sample. On the basis of these observations, the classical coelomate topology has been reinterpreted as a case of long-branch attraction (LBA) (Aguinaldo et al. 1997; Telford and Copley 2005) , one of the most pervasive artifacts of phylogenetic analysis (Felsenstein 1978; Reyes et al. 2000; ). The ecdysozoan scenario was supported by independent phylogenetic analysis of 18S RNA (Giribet et al. 2000; Peterson and Eernisse 2001) , by combined analysis of 18S and 28S rRNA sequences (Mallatt and Winchell 2002) , and some protein phylogenies, such as those for Hox (de Rosa et al. 1999) . In addition, an argument in support of Ecdysozoa has been raised on the basis of an apparent derived shared character of this clade, a distinct, multimeric form of b-thymosin (Manuel et al. 2000) .
The ecdysozoan topology gained rapid recognition and nearly unanimous acceptance in the evo-devo community thanks primarily, to the interpretation of molting as a fundamental developmental feature (Adoutte et al. 2000; Valentine and Collins 2000; Collins and Valentine 2001; Telford and Budd 2003) . However, phylogenetic analyses of multiple sets of orthologous proteins seemed to turn the tables again by lending stronger support to the coelomate topology. In particular, Mushegian et al. (1998) reported phylogenetic analysis of 42 sets of probable orthologs, whereas Blair et al. (2002) analyzed ;100 orthologous nuclear proteins using several phylogenetic methods. Both studies found that a significant majority of trees supported the coelomate topology. Further phylogenetic analysis of ;500 eukaryotic orthologous groups (KOGs) of proteins (Tatusov et al. 2003; Koonin et al. 2004 ) in 6 eukaryotic species using a panel of phylogenetic methods showed the strongest and consistent support for the coelomate topology (Wolf et al. 2004 ). Blair et al. (2002) further assessed the effect of the evolutionary rate of the analyzed genes on the tree topology and found that the Coelomata hypothesis was supported even with the slowest evolving proteins, suggesting that this topology is not due to LBA. Wolf et al. (2004) also examined the potential effects of branch length effect on the tree topology and concluded that such effects could not explain the observed support of the Coelomata hypothesis. This result is compatible with the topologies of trees produced using nonsequence-based criteria, such as gene content and multidomain protein composition, suggesting a general concordance between tempo and mode in animal evolution (Wolf et al. 2004 ). The Coelomata hypothesis was further supported by several independent phylogenetic studies (Stuart and Berry 2004; Philip et al. 2005; Zdobnov et al. 2005; Ciccarelli et al. 2006) ; in addition, the status of multimeric b-thymosin as a derived shared character of Ecdysozoa has been questioned by analysis of the sequenced genomes (Telford 2004b) .
The renaissance of the ecdysozoan scenario did not take long in the making. Large-scale maximum-likelihood analyses of alignments of multiple genes from an extended range of animal species Dopazo H and Dopazo J 2005; Philippe, Lartillot, et al. 2005) , putative derived molecular characters in the form of shared orthologs and domain combinations (Copley et al. 2004) , and gain and loss of introns (Roy and Gilbert 2005) concordantly provided support for the ecdysozoan topology. The coelomate topology, once again, has been proclaimed an artifact, caused primarily by LBA and related to inadequate taxon sampling Philippe, Lartillot, et al. 2005) .
Given the multiple lines of support for each of the alternative tree topologies, the coelomate-ecdysozoa conundrum is often considered to stay unresolved and the metazoan tree is accordingly presented as a multifurcation (Hedges 2002; Telford 2004a; Jones and Blaxter 2005) . Here, we show that the RGC_CAM approach unequivocally supports the coelomate clade and that this result is robust to branch length effects and taxon sampling.
Materials and Methods

Sequence Alignments
Each of the 716 protein alignments (488,157 sites altogether) constructed from selected KOGs (Tatusov et al. 2003; Koonin et al. 2004 ) analyzed here included orthologous genes from 8 eukaryotic species with completely sequenced genomes: Homo sapiens (Hs), Caenorhabditis elegans (Ce), Drosophila melanogaster (Dm), Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Arabidopsis thaliana (At), Anopheles gambiae (Ag), and Plasmodium falciparum (Pf) (Rogozin, Wolf, et al. 2003) . To these KOGs, probable orthologs from 12 other eukaryotic genomes, namely, those of Mus musculus (Mm), Caenorhabditis briggsae (Cb), Canis familiaris (Cf), Bos taurus (Bt), Encephalitozoon cuniculi (Ec), Oryza sativa (Os), Theileria parva (Tp), Dictyostelium discoideum (Dd), Cryptococcus neoformans (Cn), Neurospora crassa (Nc), Apis mellifera (Am), and Strongylocentrotus purpuratus (St), were added using the COGNITOR method (Tatusov et al. 1997) . Briefly, all the protein sequences from the new genomes are compared with the protein sequences previously included in the KOGs; a protein is assigned to a KOG when 2 genome-specific best hits to members of the given KOG are detected. Amino acid sequence alignments are available at the authors' Web site at ftp://ftp.ncbi.nlm. nih.gov/pub/koonin/RGC_CAM/. For most of the analyses described here, a data set of 10 species (Hs, Pf, At, Sc, Sp, Dm, Ag, Ce, Cb, and Mm) was employed; in several special cases, additional species were included as indicated in the respective tables. For the analysis of the phylogenetic position of microsporidia, the original set of 8 species (Hs, Pf, At, Sc, Sp, Dm, Ag, and Ce) was used, in order to maximize the number of genes available for analysis (considering the massive gene loss in microsporidia).
To minimize misalignment problems, only conserved, unambiguously aligned regions of the alignments were subject to further analysis. Specifically, all positions containing a deletion or insertion in at least one sequence were removed from the protein sequence alignment together with 5 adjacent positions. Starting methionines were also excluded.
A New Type of RGCs and Its Use for Statistical Testing of Phylogenetic Hypotheses
We propose a new type of RGCs that are inferred from the genome-wide analysis of protein alignments described above. The method utilizes amino acid residues that are conserved in most of the included eukaryotes, with the exception of a few (1-4) species. This is done under the assumption that any character shared by the included major eukaryotic lineages, namely, plants, animals, fungi, and Apicomplexa, is the ancestral state, whereas the deviating species possess a derived state ( fig. 1) . In order to reduce the level of homoplasy (the same amino acid replacements in different lineages that do not reflect common ancestry but rather represent parallel, reverse, or convergent changes [Telford and Budd 2003 ]), we used only those amino acid replacements that require 2 or 3 nucleotide substitutions. Multiple substitutions are rare, so the chance to encounter homoplasy is much lower compared with amino acid changes that require single nucleotide substitutions (Averof et al. 2000; Matsuda et al. 2001; Silva and Kondrashov 2002; Kondrashov 2003) . Thus, these replacements are plausible rare genomic changes (RGC_CAMs). To simplify further presentation, we use the following notation: S1 6 ¼ S2 5 S3 means that, for a conserved amino acid position in an alignment, species S2 and S3 share the same amino acid that is different from the amino acid in the species S1. Under this notation, for example, a human RGC_CAM is denoted by Hs 6 ¼ Mm 5 Pf 5 At 5 Sc 5 Sp 5 Dm 5 Ag 5 Ce 5 Cb, whereas an RGC_CAM shared by the 2 mammalian species is denoted by Hs 5 Mm 6 ¼ Pf 5 At 5 Sc 5 Sp 5 Dm 5 Ag 5 Ce 5 Cb.
First, we estimated the branch length for each analyzed taxon in RGC_CAM units. For each species, we calculated the number of amino acid residues that are different from all other species (excluding relatively close species, e.g., mouse was excluded when we calculated the branch length for human: Hs 6 ¼ Pf 5 At 5 Sc 5 Sp 5 Dm 5 Ag 5 Ce 5 Cb). To calculate an internal branch length ( fig. 2 ), a pair of relatively close species was used (e.g., Dm 5 Ag 6 ¼ Pf 5 At 5 Sc 5 Sp 5 Hs 5 Mm 5 Ce 5 Cb for insects).
The next step of the RGC_CAM analysis is statistical testing of phylogenetic hypotheses. We developed 2 tests designed to resolve ambiguous phylogenetic relationships by analyzing all possible evolutionary scenarios for 3 lineages ( fig. 2A-C) . In the first test (hereinafter FB [Fisherbased] test), the number of RGC_CAMs shared by 2 lineages (e.g., Hs 5 Mm 5 Dm 5 Ag 6 ¼ Pf 5 At 5 Sc 5 Sp 5 Ce 5 Cb for mammals and insects-these shared RGC_CAMs are consistent with the coelomate hypothesis) was used as a variable. The values of this variable for 2 compared alternative topologies, along with the respective branch lengths (excluding the branch that is common to both alternatives), were put in a 2 3 2 contingency table ( fig. 2D ). The test is based on a null model under which, in a comparison of 2 alternative hypotheses, for example, figure 2A and B, the number of RGC_CAMs that are shared by 2 lineages due to chance (N XY The second test (hereinafter BB [binomial-based] test) relies on a simple probabilistic model. It is assumed that we observe a binary irreversible character with an ancestral state ''0''. Let P t be the (binomial) probability of the character transitioning to state ''1'' in a particular site along branch t. Denoting by N the total number of sites containing a potentially irreversible character, we interpret the number of transitions observed along a branch t, N t ; as the number of successes in a binomial process, out of a total of N experiments. Let the pattern of the character at a particular site be denoted by the species where the character is in state ''1'', for example, XY means that a character is in state 1 in X and Y but is in state ''0'' in all other species. For this test, the data must contain an out-group to the subtree XYZ such that, for certain patterns, it is possible to ascertain that the last common ancestor of X, Y, and Z was in state 0. Explicitly, the patterns X, Y, Z, XY, XZ, and YZ were counted, and their counts are denoted N X ; N Y ; N Z ; N XY ; N XZ ; and N YZ ; respectively. The binomial probabilities along terminal branches were approximated by P X 5N X =N; P Y 5N Y =N; and P Z 5N Z =N: The hypothesis testing procedure is based on the obvious notion that, if the tree has a certain topology, then the existence of shared characters between nonsiblings is explained by incidental parallel transition (homoplasy). Suppose that we observe N XY patterns XY out of N ''experiments.'' Expanding all subsequent expressions only to the highest order term, the underlying binomial probability of this observation, given the topologies in figure 2B and C, is P X Á P Y (second order term), whereas the probability of getting N XY under the topology in figure 2A is P XY (first order term). We then perform an exact one-sided binomial test, comparing the null hypothesis P binom 5P X Á P Y to the alternative P binom .P X Á P Y ; and obtaining a P value P XY : Rejection of the null hypothesis ðP XY ,0:05Þ is interpreted as support for the topology in figure 2A . Analogous tests can be performed for N XZ and N YZ ; obtaining the P values P XZ and P YZ ; respectively. The topology in figure 2A is considered to be supported only if the binomial exact test is rejected for N XY but is not rejected for both N XZ and N YZ :
A fundamental difficulty with the above procedure is that the number of sites that harbor irreversible characters, N, is unknown. We can only bound it from below by N X 1N Y 1N Z 1N XY 1N XZ 1N YZ : Moreover, for a very large number of sites, N/N; all tests necessarily reject the null hypothesis (i.e., P XY ; P XZ ; P YZ '0) as even a small number of shared characters cannot be explained by incidental parallel transition. To alleviate this problem, we compute the 3 P values as a function of N, starting from the lower bound and increasing N until all 3 P values are small enough.
For all analyses with the FB and BB tests, the same data sets were employed.
Phylogenetic Analysis of RGC_CAM Sites
Extractions from multiple alignments consisting entirely of RGC_CAM columns were additionally analyzed using traditional MP, maximum likelihood (ML), and Bayesian methods. First, identical sequences (resulting from the RGC_CAM requirement) were collapsed into a single instance. The MP topology was found using the exhaustive search routine of the PAUP* program; 1,000 bootstrap replications were analyzed using the heuristic search (tree-bisection-reconnection) routine of PAUP* (Swofford 2006) . The Adachi-Hasegawa test, as implemented in the ProtML program of the MolPhy package (Adachi and Hasegawa 1992) was run with the frequency-corrected Jones-Taylor-Thornton (JTT) amino acid substitution model on the set of competing topologies. The Kishino-Hasegawa test (Kishino and Hasegawa 1989) , implemented in the CODEML program of the PAML package (Yang 1997) , was run with either Dayhoff or JTT amino acid substitution model with either uniform or gamma distribution of rates across sites. Bayesian topology estimates were performed using the MrBayes program (Ronquist and Huelsenbeck 2003) by running 1,000,000 Monte Carlo Markov Chain post burn-in generations with mixed amino acid substitution model and uniform distribution of rates across sites. The approximately unbiased test was performed using the Consel program with the default parameters (Shimodaira and Hasegawa 2001) .
Results
The RGC_CAM Approach
We aimed at combining the abundance of information contained in numerous alignments of orthologous proteins with the main advantage of RGCs, namely, the low level of homoplasy. To this end, a 2-tier approach was employed. At the first step, positions in multiple alignments were identified that contained one amino acid in a small subset (1-4) of the analyzed species and another conserved amino acid in the rest of the species ( fig. 1 ). Obviously, in such positions, the amino acid that is found in the smaller subset of species is a candidate derived shared character and could support the hypothesis that the species sharing this amino acid comprise a clade. However, because the contribution of homoplasy to the set of positions selected in the first step was likely to be substantial, an additional filtering step was required to identify the likely RGCs. Thus, from the initially selected positions, we chose only those that required 2 or 3 nucleotide substitutions, under the rationale that such multiple substitutions were unlikely to occur independently in different lines of descent. We designated this new class of phylogenetic characters RGC_CAM (after Conserved Amino acid-Multiple substitutions). As detailed under Materials and Methods, RGC_CAMs can be conveniently used to test alternative phylogenetic hypotheses in a statistically rigorous manner ( fig. 2) . The RGC_CAM approach produced reasonable results for insect (Ag and Dm) monophyly and the relationship of major fungal lineages (see Supplementary Materials online). We then applied the RGC_CAM approach to 3 well-known cases of controversial relationships among metazoan taxa: 1) the phylogeny of mammalian orders, 2) the evolutionary position of microsporidia, and 3) the Coelomata-Ecdysozoa dilemma.
RGC_CAM Analysis of Mammalian Phylogeny
The branching order of the mammalian orders is a notoriously hard problem, conceivably due to the burst-like radiation at the outset of the evolution of placental mammals (Novacek 1992 (Novacek , 2001 ). In the past, most molecular studies have supported a primate-ferungulata (artiodactyls and carnivores) clade, to the exclusion of rodents (Li et al. 1990; Arnason et al. 2000; Cao et al. 2000; Reyes et al. 2000) . However, the recent analysis of RGCs, namely, retroposon insertions (Thomas et al. 2003) , along with a phylogeny based on concatenation of 19 nuclear and 3 mitochondrial genes (Murphy et al. 2001) , suggested a primate-rodent clade. We tested the human-mouse-cow and human-mouse-dog trifurcations using the RGC_CAM approach on concatenated alignments of 683 and 685 genes, respectively (ftp://ftp.ncbi.nlm.nih.gov/pub/koonin/ RGC_CAM/). Analysis of the human-mouse-cow trifurcation revealed only 2 RGC_CAMs, both of which supported the human-mouse clade. This support of the human-mouse clade is particularly notable given that the cow branch was extremely long (i.e., contained many apparent RGC_CAMs) compared with the human and mouse branches (the lengths of the branches were 224, 12, and 7 RGC_CAMs, respectively). This was, probably, due to the sequencing errors in the cow genome given that this is, generally, not a fast-evolving species (Murphy et al. 2001) . Analysis of the human, mouse, and dog sequences revealed comparable branch lengths (13, 7, and 11 RGC_CAMs, respectively). A single RGC_CAM was shared by human and mouse, and no shared RGC_CAMs were detected for the other 2 pairs of branches. Interestingly, the shared RGC_CAM position is highly variable among mammalian species ( fig. 3) . Apparently, in this case, the replacement of a highly conserved amino acid was accompanied by a substantial relaxation of evolutionary constraints on this position. Such relaxations of selective constraints are a likely source of homoplasy (Telford 2002) suggesting that RGC_CAMs are not homoplasy free. Thus, a more explicit assessment of the level of homoplasy and statistical hypothesis testing are crucial for this method (see below).
RGC_CAM Analysis of the Phylogenetic Position of Microsporidia
We applied the RGC_CAM approach to a well-known case of problematic phylogeny, namely, the evolutionary position of microsporidia. Microsporidia are amitochondrial unicellular eukaryotes that have been traditionally considered an early branching lineage that diverged from the common ancestor with the rest of eukaryotes prior to the mitochondrial endosymbiosis (Vossbrinck et al. 1987; Leipe et al. 1993) . However, several more recent molecular phylogenetic studies have suggested that microsporidia are evolutionarily related to fungi (Peyretaillade et al. 1998; Hirt et al. 1999; Katinka et al. 2001; Vivares et al. 2002; Williams et al. 2002; Thomarat et al. 2004; Fischer and Palmer 2005; Gill and Fast 2006) . In our analysis, the raw number of shared RGC_CAMs was the largest for the microsporidia-fungi clade (supplementary table S1, Supplementary Material online). However, the microsporidian branch was extremely long which led to inconsistent results (supplementary table S1, Supplementary Material online). Specifically, the FB test yielded significant P values both for the basal position of microsporidia and for the microsporidia-fungi clade (supplementary table S1, Supplementary Material online). Thus, the trifurcation animals-fungi-microsporidia at present cannot be resolved using RGC_CAMs which is not surprising taking into account the exceptionally long branch leading to microsporidia (see Discussion for additional details on this problem).
RGC_CAM Analysis of the Coelomate-Ecdysozoan Conundrum
The case of mammalian phylogeny as well as the examples of RGC_CAM application (see Supplementary Material online) suggested that there are additional sources of uncertainty in the RGC_CAM analysis including sequencing errors and, potentially, population polymorphism. These problems can be alleviated by using pairs of closely related species instead of a single species. We applied this approach to the analysis of the coelomate-ecdysozoa conundrum. The set of 10 analyzed species includes S. cerevisiae, S. pombe, A. thaliana, P. falciparum, and 3 pairs of relatively close animal species (human-mouse, mosquito-Drosophila, and 2 nematodes) (694 genes). In agreement with previous findings (Aguinaldo et al. 1997) , analysis of the branch lengths suggested that nematodes are a taxon with an extremely long branch which is likely to cause substantial problems for conventional phylogenetic methods (table 1; Reyes et al. 2000; Delsuc et al. 2005; . The long nematode branch notwithstanding, we observed an excess of shared RGC_CAMs in mammals and insects, in support of the coelomate topology (table 1) . Statistical testing (see Materials and Methods for details) of the 3 alternative hypotheses, coelomate (C), ecdysozoa (E), and ''bizarre'' (B) (grouping of mammals with nematodes to the exclusion of insects) showed strong and consistent support for the coelomate hypothesis (table 1) . This result was not affected by the use of more stringent conditions in terms of the sequence conservation in the alignment regions flanking the shared RGC_CAM position (table 1) . Notably, the ecdysozoan and bizarre hypotheses were statistically indistinguishable.
Additional Statistical Tests for the Phylogenies Obtained with the RGC_CAM Approach
In addition to the FB-test, we applied the newly developed BB test (see Materials and Methods) and several probabilistic tests commonly used in phylogenetic studies to further assess the validity of the resolution of problematic tree topologies by the RGC_CAM approach. Each of these tests was applied to the Coelomata-Ecdysozoa problem and to the problem of the phylogenetic position of microsporidia (in order to further evaluate the resolution power of the   FIG. 3. -Amino acid variability associated with a RGC_CAM. A section of the alignment of KOG1651 (phospholipid hydroperoxide glutathione peroxidase) is shown. The RGC_CAM is in position 89; the lysine residue that is conserved in most eukaryotes is shown in green, and the variable residues in mammals are shown by different colors. The universally conserved position 90 is shown in bold. Species abbreviations: H. sapiens (Hs), C. elegans (Ce), D. melanogaster (Dm), S. cerevisiae (Sc), S. pombe (Sp), A. thaliana (At), A. gambiae (Ag) and P. falciparum (Pf), M. musculus (Mm), Caenorhabditis briggsae (Cb), Ss (Sus scrofa), Rn (Rattus norvegicus), Ca (primate Cebus apella), and Bt (Bos taurus). figure 4A , the BB-test supported the Coelomata hypothesis for any N in the interval [715, 2201] (see Material and Methods). At N52201; the Ecdysozoa hypothesis could no longer be rejected, with P Ecdysozoa reaching the value of 0.05. However, by then, P Coelomata is indistinguishable from zero. Like the FBtest, the BB-test failed to provide support for the fungalmicrosporidian clade and yielded lower P values for the fungal-metazoan clade although the former topology could not be rejected for a wide range of N values; by contrast, the animal-microsporidian clade was rejected for most of the range of N ( fig. 4B) .
RGC_CAM approach). As shown in
To further assess the validity of the resolution of problematic tree topologies by the RGC_CAM approach, we applied several standard probabilistic tests. The RGC_CAM columns were extracted from multiple alignments and analyzed using MP, ML, and Bayesian inference methods. Each of the tests provided unequivocal support for the coelomate topology over the ecdysozoa topology (table 3) . By contrast, the results on the phylogenetic position of the microsporidia were ambiguous, with the MP and BI supporting the (presumably, correct) fungi-microsporidia clade, but the ML tests preferring the fungi-metazoa clade (table 3) . However, in this case, with the exception of one of the ML tests, none of the methods could reject any of the topologies at a statistically significant level (table 3) .
Assessment of the Robustness of the RGC_CAM Approach
The statistical tests employed here are based on the assumption that RGC_CAMs within a gene evolve independently of each other. This could be questioned under the premise of possible epistatic interactions between RGC_CAM positions. We examined the distributions of RGC_CAMs across the analyzed genes for nematodes, insects, and mammals and found no obvious indication that conserved positions in some genes are much more prone to changes compared with other genes (fig. 5 ). We used Monte Carlo simulations to test the hypothesis that some genes were enriched in RGC_CAMs. The RGC_CAMs were randomly shuffled across protein sequences taking into account the length of each alignment. The mean RGC_CAM density in the top 10% quantile of the distribution was used as the weight function. The weight of the observed distributions was not significantly greater than weights of the simulated distributions for all 6 animal species (P . 0.05; 10,000 replicates). Thus, independence of RGC_CAMs seems to be a reasonable approximation.
The analysis of the mouse-human-dog trifurcations revealed a potential source of homoplasy, that is, a replacement in a highly conserved amino acid resulting in a substantial relaxation of evolutionary constraints on the respective position ( fig. 3 ). To address this concern, we analyzed the distribution of identical and different amino acids in pairs of relatively close species under the condition that all other species have different amino acid in this position (e.g., Hs 5 (table 2) . A relatively high fraction of differences was observed between Drosophila and Anopheles, which is compatible with the high rate of evolution in flies (Savard et al. 2006) . By contrast, in the other 2 pairs of relatively close species, the vast majority of amino acids were conserved (table 2). These observations suggest that, although some of the shared RGC_CAMs are, probably, due to homoplasy, this is unlikely to be the major factor behind these shared characters.
The extent of homoplasy among the RGC_CAMs was further assessed by analysis of conflicting RGC_CAMs Hypothesis testing: The following 3 phylogenetic hypotheses were tested as described under Materials and Methods and shown in figure 2: C, coelomate, that is, (mammals, insects) nematodes; E, ecdysozoa, that is, (insects, nematodes) mammals; B, bizarre, that is, (mammals, nematodes) insects. The hypothesis that received significant statistical support in each pairwise test is shown in bold and underlined.
that supported alternative hypotheses in the same alignment (table 1). The genes containing such incompatible RGC_CAMs comprised ;5-10% of all genes with shared RGC_CAMs (table 1) . These results suggest that, although RGC_CAMs are not homoplasy free, the level of homoplasy is not exceedingly high, and there is a strong phylogenetic signal in the whole-genome analysis of RGC_CAMs.
In the above analysis, the coelomate-ecdysozoa problem was addressed by analysis of a 10 species data set. Adding more species might increase the quality of RGC_CAMs by reducing homoplasy but this simultaneously leads to a decrease in the number of RGC_CAM sites and a substantial loss of statistical power (e.g., see supplementary tables S2 and S3, Supplementary Materials online). Nevertheless, taxon sampling is known to be important for the outcome of phylogenetic analysis and cannot be ignored (Soltis et al. 2004; Rokas and Carroll 2005) . We performed taxon sampling on an extended set of 15 species (556 genes, in addition to the 10 species used to obtain the results in table 1, probable orthologs from the plant O. sativa, the apicomplexan T. parva, the social amoeba D. discoideum, and fungi C. neoformans and N. crassa were included). We required that at least 1 plant, 1 fungus, and 1 apicomplexan were present in a sampled set of species. With this restriction, all combinations including from 9 to 15 species (287 samples altogether) were analyzed. Only for one combination of species (the 6 animal species, T. parva, A. thaliana, and the fungi C. neoformans and N. crassa), the number of RGC_CAMs compatible with the coelomate topology was smaller than the number of RGC_CAMs compatible with the ecdysozoa topology (20 and 21, respectively), and 4 combinations produced the same number of RGC_CAMs for the coelomate and ecdysozoa topologies. For all other combinations of species (.98%), the number of RGC_CAMs supporting the coelomate hypothesis was greater than the number of RGC_CAMs supporting the ecdysozoa hypothesis. These comparisons do not take into account branch lengths; if these are considered, given the long nematode branch, there was no support for the ecdysozoan hypothesis from any of the 287 samples. Thus, the support of the coelomate hypothesis obtained with RGC_CAMs does not seem to depend on the selection of the analyzed species.
We further analyzed the effect of including additional, deep-branching species of deuterostomes and insects in the analyzed data set. To this end, the 10 species data set on which the results shown in table 1 were obtained was amended with the sequences of the probable orthologs from NOTE.-The notation is as follows: X stands for an amino acid that is conserved in all compared species other than the given pair; YZ denotes different amino acids in the given pair; and YY denotes identical amino acids. Species abbreviations: Homo sapiens (Hs), Caenorhabditis elegans (Ce), Drosophila melanogaster (Dm), Anopheles gambiae (Ag), Mus musculus (Mm), and Caenorhabditis briggsae (Cb). the honeybee A. mellifera and the sea urchin S. purpuratus. As a result, the insect and the deuterostome branches become extremely short compared with the nematode branch (table 4) . Nevertheless, statistical testing of the 3 alternative hypotheses showed highly significant support for the Coelomata hypothesis (table 4) . This result indicates that the RGC_CAM approach is robust to the addition of more distant in-group species to pairs of relatively close species used as representative of the analyzed clades.
Discussion
The use of whole-genome data is thought to increase the resolution of phylogenetic analyses (Wolf et al. 2002; Snel et al. 2005) . However, analysis of even extremely long alignments of concatenated genes (proteins) does not necessarily eliminate artifacts because of the existing systematic biases, for example, long or short branches ). The present study employs a new class of phylogenetic characters (RGC_CAMs) that were inferred using genome-wide identification of amino acid replacements that met 3 criteria: 1) were located in unambiguously aligned regions of orthologous genes, 2) were shared by 2 or more taxa in positions that contain a different, conserved amino acid in a much broader range of taxa, and 3) require 2 or 3 nucleotide substitutions. Examination of several test cases suggests that RGC_CAMs are one of the closest known approximations of irreversible phylogenetic characters (Rokas and Holland 2000) and have the potential to substantially reduce homoplasy, which is one of the major problems plaguing phylogenetic reconstructions. Our tests showed that RGC_CAMs are not free of homoplasies but we attempted to alleviate this problem by using rigorous statistical testing of competing phylogenetic hypotheses.
The RGC_CAM implementation described here is only one of a family of possible methods based on the analysis of potential RGCs derived from multiple sequence alignments. In particular, the RGC_CAMs can be defined not as sites that contain an invariant amino acid in all sequences other than those in a putative clade, but by reconstruction of ancestral states, for example, using MP. This would result in a greater number of RGC_CAMs available for analysis but also in an increased level of homoplasy. Obviously, the RGC_CAM approach remains to be optimized with regard to this inevitable trade-off.
The RGC_CAM analysis strongly supports the Coelomata topology of the animal tree over the Ecdysozoa topology; a broad variety of the applied tests, either those developed specifically for the use with this approach or standard ones and based on several different principles, were unanimous and unequivocal in preferring the Coelomata topology. Previously, the coelomate topology has received support from phylogenetic analysis of multiple families of conserved proteins (Blair et al. 2002; Wolf et al. 2004; Philip et al. 2005) and from complementary approaches such as trees based on the distribution of domain combinations (Wolf et al. 2004 ) and on total evidence for several highly conserved genes (Philip et al. 2005) . However, it has been argued that all the evidence in support of the coelomate topology stems from one or another form of the LBA artifact caused, in part, by inadequate choice of the analyzed taxa, in particular, inclusion of only fast-evolving nematodes of the genus Caenorhabditis ( Aguinaldo et al. 1997; Philippe, Lartillot, et al. 2005; Telford and Copley 2005; Baurain et al. 2006) . The analysis of a larger, more representative set of species appeared to support the ecdysozoan topology and to survive several tests for LBA (Philippe, Lartillot, et al. 2005) . The support for the Ecdysozoa clade critically depended on the elimination from the analysis of an increasing fraction of fastevolving genes and/or sites Delsuc et al. 2005; Baurain et al. 2006 ). This constitutes a potential problem because this procedure, by design, will favor the Ecdysozoa topology inasmuch as the Coelomata hypothesis predicts a longer nematode branch than the Ecdysozoa hypothesis. Furthermore, at least 2 recent simulations studies suggested that increasing the number of analyzed genes improves phylogenetic resolution to a much greater extent than increasing the number of species (Rosenberg and Kumar 2001; Rokas and Carroll 2005) ; the latter might even have an adverse effect (Rokas and Carroll 2005) .
Additional support for the ecdysozoan topology has been harnessed by analysis of putative derived characters represented by shared genes and protein domain combinations (Copley et al. 2004) , and shared intron positions (Roy and Gilbert 2005) . The problem with these analyses, however, is that neither orthologous genes nor introns are good RGCs as massive parallel losses or gains might occur independently in different lineage, resulting in a high level of homoplasy. In particular, both nematodes and arthropods are prone to extensive loss of genes and introns (Rogozin, Babenko, et al. 2003; Rogozin, Wolf, et al. 2003; Koonin et al. 2004) , an effect that might invalidate the support for the ecdysozoan topology obtained with these approaches.
The present analysis of RGC_CAMs confirmed that nematodes comprise an extremely long branch. Nevertheless, with the branch lengths explicitly taken into account, the statistical support for the coelomate topology was overwhelming. Although, because of the missing data problem, we did not have the opportunity to analyze a large number of species, taxon sampling on a 15 species data set as well as inclusion of deeper branching species of insects and deuterostomes demonstrated remarkable robustness of the support for Coelomata. Nevertheless, the level of homoplasy in the coelomate-ecdysozoa tests was considerable, with all 3 alternative hypotheses supported by at least a few shared RGC_CAMs (table 1) . In part, this might be caused by the long nematode branch but it cannot be ruled out that at least some of the apparent homoplasies reflect evolutionary reality. Specifically, the different topologies could result from a duplication of multiple genes (perhaps, wholegenome duplication) predating the divergence of mammals, insects, and nematodes (Wolf et al. 2004) . Under this scenario, the most strongly supported hypothesis still reflects the actual order of lineage divergence, but alternative topologies result from lineage-specific, differential loss of paralogs.
The inability of the RGC_CAM approach to reliably recover the fungal-microsporidian clade reveals limitations of this approach in resolving phylogenies that include extremely fast-evolving lineages. Nevertheless, we expect that, with further increase in the representation of sequenced genomes, it will become possible to overcome such limitations, at least, partially.
Conclusions
The method of phylogenetic analysis developed here is based on a special class of rare genomic changes, the RGC_CAMs, which are clade-specific replacements of otherwise conserved amino acids requiring 2 or 3 nucleotide substitutions. This approach to RGC selection results in a substantial reduction of homoplasy, the inevitable trade-off being that the number of RGC_CAMs is relatively small. Nevertheless, the RGC_CAM analysis showed considerable potential for solving hard phylogenetic problems provided that a large number of alignments of orthologous proteins is available for the analyzed taxa. Hence, the utility of this approach is expected to grow with the further progress of genome sequencing. The RGC_CAM method retained its resolution power even in the presence of long branches and was notably robust with respect to taxon sampling. When applied to the phylogeny of animals, the RGC_CAM approach unequivocally supported the coelomate topology over the ecdysozoan topology. Since the first report on the new topology of the animal tree that included the ecdysozoan clade (Aguinaldo et al. 1997) , multiple lines of evidence have been presented in support of each of the conflicting topologies. In particular, it has been suggested that the coelomate clade is an LBA artifact caused by inadequate selection of taxa for phylogenetic analysis (Philippe, Lartillot, et al. 2005; Telford and Copley 2005) . The RGC_CAM analysis seems to render this explanation unlikely. Conceivably, the final solution to the problem will be reached only when a much larger set of animal species becomes amenable to genome-wide phylogenetic analysis. It can be expected that RGC_CAMs and other types of known and new RGCs will be of major importance for these future, definitive phylogenetic studies.
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